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ON THE TRANSFORMATION OF SLOW BURNIWG 
INTO DETONATION 

- USSR - 

/Following is a translation of the arti- 
cle entitled "0 perekhode medlennogo 
goreniya v detonatsiyu" (English version 
above) by K. I. Shchelkin in Zhurnal Eks- 
pftrimental'noy i Teoreticheskoy Fiziki 
(Journal of Experimental ana Theoretical 
Physics), Vol 24, No 5, Moscow, May 1953» 
pages 589-600^7 

This present paper deals with the elementary the- 
ory of transformation of slow burning into detonation in 
tubes.  It is shown in this paper that the basic cause 
of pre-detonational acceleration of buring in tubes lies 
in the effect of the movement of unburned gas on the 
burning, and, first of all, the effect of the turbulence 
of this gas upon the velocity of the flame. 

Introduction 

Certain considerations about the mechanism of the 
ore-detonational acceleration of theme have been recent- 
ly published (1). These considerations were subjected 

to justifiable criticism (2), with which we can only 
ioin. At the same time it must be admitted that the 
mechanism of acceleration due to the turbulence of gas 

9    against which several arguments had been presented in 
8    She above-mentioned study (1), and, in general, the pro- 
7    blem of the transformation of slow burning into detona- 
6    tion in tubes is not treated in any detail anywhere, 
5    while certain details of this process have not been dis- 
*    cussed at all. Such a situation leads, as practical ex- 
5    pwrience shows, to misunderstandings.  In connection 
2    with this, an attempt is being made later in this paper 
1   L J 



n 
r i. a v^pf treatment of the fundamentals of the 
S t^eorfof ^formation of slow turning in- 
to detonation into tubes. 

The P««H"- ^ndB of the Probation of Burning ,in 
' ~~     fias Mixtures 

There are two basic methods of the propagation   _ 

from layer to ^yer one    oombustlon from layer to 
i°ayeraowingetroom|ression in the impact wave (detona- 
tional propagation of =0") 

oline fumes, etc.) at a velocity ox  found in air mix- 
imeters per second.  ^.fJ^EhP velocity Gf propagation 

the same fuels and reac^0-12 m/se^c^ ^ ^ 

°f ^JB^r^TJ^T^r^ vSooi? ! 
MSSS e^mPeratSre^f tÄtia! mixture    depends 

°n Kl "However^iirfa^rrf^nic^rnoSase^nrnorri 
S£"ty orinorefse the  speed °* £^J^e?ffctwnicT 0 w ir^iß-nificantlv in comparison with that  eliecy wiu^u 

1 may heixertea upon the velocity of the P^P-g^f 
7 burning by conditions of the movement of the unburnea 

t gaS'       The trist of the matter is that usually the yelo- 
l city of flame propagation exceeds the normal velocrty 



*» t\T tX^» ÄÄ* cSS«??,^ i  ame 
SÄ'rcfofs of t.»  tub. -l-SS^Se^ig: 
trf »ISSS1 ^he  surflcfarea SrSSSSI increases est ve10"*1^.     Ihe  suria    total amount of gas is in- 

-easeHn tb      g- J - ^ „TThe &2\Ä- 
-    grSnTSÄTloj-5 £ eUÄ only by^    - 

normal velooity of the fl^e    **•£> ^.„4,      d by 

irrveioo°?tf of°Ctbe penetration of unburned gas by 
those focal points of burning o;. th°Se Convection currents turbulence oe*J £.8*5, 
and whirlwinds , especially «eated in the vo±u    ^ 
hustion, can accelerate the «o»™**"» £ of the propa- 

"*•'«-! »VS'ftTe SkriS°iSd that eombus- 
gation of name.  ^,muTC\ ^^„tinn of great quanti- 
lion is accompanied ^^^^^^panlion of the burn- 
ties of heat, which °^s *°££ masse^ 0f unburned gas. 
ing gases and » ^hif*xn| of *ae^ma      ecially in non- 
Therefore, in *^ P*°c?"t°}de^ni ft,  *    of furnac- 

Srtberfortenlro? s fs tä^J«^«-.,,. 

ments which come into existence^.n    P ^ ^ to 

-<~vfaS tnoSioi^hffeÄ;- 
SET propagation Sf^f lames reached many tens and ev- 

« »Kfalfcases burner. ^ving"environment 
is tranced from the burned gas t<, the -burned^ 
just  as  in a medium src resi,,   u,y  ±, proces- 

i^SS fvefo ^S^i-t'o-ibTSSS1?^ it| of 
?he'flame. But the increase in the velocity of the 

3 ?nehscope0ÖnurSSncf if Jailer ffin^cTÄiSl. 
U to*  lhePwidth of the  zone of normal burning, which J 2 

1 



n 
ramounts to fractions of a millimeter at normal pressure 
and for usual mixtures. In that case, as a result ol 
movement of gas, the normal velocity of the movement of 
xlame increases.  It follows from all that has been said 
so far, that we may not examine the process of flame pro- 
pagation outside of realistic conditions in which it 
takes place, and particularly, we may not examine it di- 
vorced from the conditions of the movement of unburned  _ 

- gas, which originates in the course of burning. 
Detonational burning in smooth tubes propagates 

with a fully definite constant velocity in each gas mix- 
ture- the size of this velocity for different gas mix- 
tures lies within limits of 1.7 to 3-5 km/sec and can 
be computed from formulas of the gasodynamic theory of 
detonation. „ , .   *.-       -t   „«„, 

We must mention two forms of detonational com- 
bustion in-:tubes which are distinctive in their mechan- 
ism of the propagation of burning: "spinal" detonation 
and detonation in tubes with coarse inner surfaces. In 
the former, as well as in some cases of the latter, tne 
ignition of the gas mixtures occurs on a relatively 
small surface and not across the whole cross-section of 
the tube, as happens in the case of a common detonation. 
In the case of the spinal detonation, the ignitionof 
gas occurs at the oblique rapid change of compression 
-- at the break-point of the impact wave (5), while in 
the case of a detonation in coarse-surfaced tubes, in 
ulaces where the wave impacts against the point ol 
coarseness (6). The burning-up of the remaining gas 
in both cases proceeds comparatively slowly (in the 
turbulent wake) over one or two and, possibly, more 
diameters of the tube. .   Ä^„,» „* Despite a certain difference m their method of 
propagation, all forms of detonation do not substanti- 
ally differ from each other with regard to their form- 
ation.  For the formation of a detonation of any type 
the existence of a powerful disruption, of a strong im- 
pact wave, is necessary. 

A powerful impact wave, and consequently, the 
9    detonational burning as well may, in certain cases, 
8    come into existence as a result of acceleration of 
7    slow burning. The task of the theory of transforma- 
6    tion of slow burning into detonation, to which, mpart- 
5    icular, this present work is devoted, lies in the discov- 
h erv of causes which determine the transformation of slow 
3    burning, which propagates at the velocity °£ several met- 
2    ers per second, into detonation; in other words, the 
1   Ldiscovery of causes which bring about as a result of   J 
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rcombustion the  creation of  an impact wave which ignites 

thfgas mixture  and effects the detonation. 

TI^Pj^-Ppo-H nr,  of  an  Impact Wave  in_the_Tube 

In order to have  a detonation appear,  it is nec- 
essary    as may be concluded from the preceding section, 
Aril of 111 to have formed an impact wave  capable of 

-  Igniting the gas through  ^^-compression.    Usually 
+-M«  renuires  a temperature  m the  front  oi  -one  wdve 
eaual to  several hundreds of degrees,  and a Pressure 
n? ?0-20 Wem?.    Since we are concerned now with the 
?fransfo?ma?ionmof slow burning into detonation,  and not 
with the detonation, which comes *n*° ««g^«^?^ 
the influences of strong impulses,  e.g.,  from tße  enecü 
of the  explosion of a charge of an explosive substance, 
we mult turn to the general case of the appearance of 
XL ImpacHave under the influence of slow processes. 

Figure 1 ^Right-hand column of letters 
read,  top to bottom,  B,a,x,d,x,v,x.; 

:r?h
1eyonfn^yo^IaSsurte?pertur    density 

£tÄ V«cS"« .« -pands in fe direction 
of the cement of the p iston.    InJ«^ \£ |0Jeler. 

Ll^iarovrfflen^o?tnem;Ltor!lineP0-A).    The prohle» of j 



«eint B    from here there originates the impact wave in 
Tioh mhe Pf-re is^ower than ai;g ^P-^situated 
origin of disroption and in ™ of the impa(:t 

wavfis higher."C'parameter o/the impact wave may 
he easily oompnted for the oase of deliberate disrupt-     . 

" l0n (?)in figure 1 b and v schematically represent the 
distribution'of pressures at moments t,   ana t-g.    " 
toe moment\ there is formed a disruption in the con- 
tinuitv of conditions  and velocities,     me  graaudi 
siting of pressure transforms, itself into  an abrupt 
SMftlSf    because the compression in each cross-section 
ff^Ärexpalds at a/ever higher velocity,    propor- 

£°SS oneTaniroÄ facf thÄ* epSS" of Sound at 
S?ich cSSprelsion without impact propagates «higher 

??riheI?^SanHn^hf othfr n^« e      ds 

%/oSb ^^helim^eLfon^^nSTncrfaser 
S??h the degree of proximity to the piston, is a con- the degree uip      j       feeen ointed out, 

KÄ graduafsMftlSsV pressure there originates 
the disruption,  and from the disruption - the impact 
WaVe'  All characteristics which deviate from the line 

one point only if one,  «£$        th    elementary waves 
rcompres^" rec^inf? ro/the accelerating piston 

,,*n   nvpt-take  each  other and will blen* tnemseiveb  in 
SXi dIesruptionaCin one cross-section    as  is  g0™^. 
figure 1,  v)  only in the case of  a definite distriDu 
£lHf pressure  in front of the piston (7).     £ £° oxuii wx  F arbitrary distribution 01  pressure, 
?hfeiementaryawavesa2ll converge not in one cross-sec- 

a «!,if ttatnk but over a certain length of it.    Jig- 
I llT^tsllll lie of the  cases  of ^e -iffng o 

I SI  Sr^rorTeL^^ ^ 
5 !5nu       U  this point  the  impact wave  xs  formed;   the 
I ?eKcity of the disturbance,  which propagates through Z veiocix,^  ui   o In the sector 1-2,  called 
I til ^c^ntionT/chaSacteristics,  the initial wave 
1        U 



Figure 2 

of impact is overtaken by the following waves of com- 
Sression! and it velocity gradually increases.  Instan- 
ces  or aether type of a gradual enhancing of the 
disruption^are possible also; they are represented by 
the circumvention of characteristics of other kinds, 
the circumven ^ ^ ^^ »°™e;£ f&se 

eas in front of the accelerating piston.  In the case 
Sf the movement of the piston at a constant velocity 
S?S i* SSStf "it rsSrasyWfo\e?Irm?ne

ttneSpresCsure 
T?LVm1oringy;ndIcoipreSSdtgas by taking advantage 
of the equations of the conservation of ^ssa^of 
motion written for the case represented m figure 5. 

9 
8 
7 
6 
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...iff.' ~  ' < H frrafcpwwsa 

Figure 3 

(c-w) x = (>0c; 

(c-w) 1w =P1-P0 1 

(1) 

(2) 

where c is the velocity of the expansion of the dis- 
turbance front (for welk waves this is the speed of turbance ironi u movement in front of 
?nenflam^ p and p are the pressures of compressed 
an? non"com?ressedPgas, ^ and ?Q are the correspond- 
ing «ensitiese.uati0ns (i) ^ (2) .t follwB   t 

Pi " Pr = 0 cw (3) J 
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r the pressure depends linearly on the velocity of the 
Kas movement. Constant pressure corresponds to a con- 
stant velocity.  To obtain a higher pressure, a higher 
velocity of gas, and consequently, of the piston is 

'it is clear from all that has been said above 
that for the formation of a more or less powerful im- 
pact wave at low (below the speed of sound) velocities 
of the piston movement,_it is necessary for the piston 
to move under acceleration. 

The Impact Wave in Front of the Flame 

Let us assume that the flame is expanding in an 
infinitely long tube, which is closed on one side, from 
the closed end in the direction of the open end (figure 
4). 

L_j^ >p,p, 

Figure 4 

In order to determine the pressure in front of the 
flame, we may, in the same manner as earlier in the 
case of the piston, make use of the equations of the 
conservation of mass and of motion: 

ß  - (u + W27?! + (u + w)p2 = c 0 ,      W 

ß  - (u + w27^w  = P2 - P0 '  (5) 

where u is the flame velocity in relation to the un- 
burned gas, p2 is the pressure, and ?2 is the density 

Urn?romaequations (4) and (5) we at once obtain 
the expression for pressure, the form of which depends 
on neither the equations of the states of the burned 
and the unburned gases, nor on the quantity of energy 

3    given off in burning: 

6 Pj. ~ Pi  = ?owc " ?2(u + W)W*   (6) 

5 In that case, when flame velocity and gas vel- 
^    ocity in front of the flame are small compared to the 
3    speed of sound we may ignore the second term of the 

right-hand part of expression (6). Neglecting the second. 
telm, generally speaking, is acceptable even if u + w  -I 

2 
1   Lt 

8 
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ris quantiatiively comparablyj to the speed o|[^^ 
„SI? raUe?BtSn°ftbehdebnS^

dofa?h?e2unourned and un- 
disturbed gas f^ ^ ^ burned gas ?2 can be regard- 
ed, with BU?ficient exactnesa    as e3aal^Orthesipresaure 

of gas p,   moving Y1*^^^^  second term of the right- 
.  hanf ^"and^vÄeH    S,^ -"es- 

iSre ^fronToftAon movÄfthe speedPof .. 

P2    '    Po ^  Pi    -      P0=    focw  • (3a) 

The flame moving at the velocity of u J w,  re- 
lative to\ne walls of the tube    creates ahead of its 

front the  *™\llllf£\»S tTtrelli an equal pressure, 
moving at the veiocixy w.     A walls of the tube 
the flame velocity relative to  the wa-^ in 

must be higher compared to *^ P^*°ge u^nedto the 
view of the fact tha* ^«^XoSS and leaves behind 
piston which allows ^sPw^c^°Ugte?mined by density 
^"alny^fdiftalce Covered from the closed end of 

the tube. <v,-n,T flAfinite. velocity of 
BeCrSw °?an correspond to tSe ^finite flame 

the current, w, c?n
Q
c°Jr^P°^ame velocity has only 

velocity,  each value °* *** "^ ^pressure.    From this 
one  corresponding defini*% ™££ 01  Pr,dual  increase  of 
it  follows that we cannot  obtaiJ J f J^ut changing 
pressure  in fr?n*ff^

fNative to the gas, u,  and the velocity of the flame relatxve doino;.     Because 
not changing the gas velocity, w,^n |°e?erttion of 
of this we ^st necess^ily have an    a?ce ^ Qb_ 
the  flame  relative  to *%^*™!* f a?i front  of the 
tain a gradual  increase  of Pr^rein    acceleration, 

Srt/ansformationhofas?rhur i    InSSj^J. 
SHo^nd SS caSe/rnnonditfönlTf1?^ existence 

t of flame  acceleration. 

L°gasUSprrstn!rprrtacSalirtnrVmo:?1ofent factor that J 
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5 
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ris capable of accelerating the burning. Let us examine 
from ?£s viewpoint the movement of Baa xn front^f the 

portion of e^erimeltal material belongs to this simple 
CaSe*  Tt was shown earlier (8) that in all cases with- 
out exception Anting iUransformed tc»detonation, 

" the dimensionless inter-relationship (similar to the 
Reynolds' nSmber Re), consisting of the normal flame 
velocity uTI, the diamterr of the tube D, and the kine 
Ittlc  viscosity of the mixture V, exceeds the critical 
value Ihlracteristic for the transformation of the lam- 
inar flow into a turbulent one:. 

Re = uH D/V > Recr . (7) 

in the borderline cases of the ^^ifSSrSs *J0W 
burning into detonation, this number — in terms oi 
the mixture composition'and in terms of.the pressure 

is eaual to the critical value, and in cases of 
those expounds and pressures at *^h detonrtion doeB 
not take olace, it is below the critical. Using tne 
«,le Resented above, it was possible to compute the 
valuesro? ?he limits'of the transformation of slow burn- 

ing ^\dlllnfti^\Q)  it was pointed out that in com- 
putations ox this sort one should use not the flame vel- 
Stv but he velocity of the gas at the front of the 
latSr and it was noted, that when the flame velocity 
\l  su?sti?utid for the velocity of the gas, an error is 
mld^ however, its order of magnitude was pointed out 
prroneouslv and no precise figures were presented. In 

9    J?L At the closed end of the tube the velocity of the 
8    "ovLent o? SnbSrned gas is related to the flame veloc- 

6    ity: w = C(TT- l)uH , (8) 

where TT is the relation between the volumes of gas 

L^e ^eratuie^NÄ/e? Ö? Sole, before and      J 

10 



rafter the burning), and C is the multiplier, which ac- 
counts for the effect of irregular distribution ofvel- 

s in the tube along the radius on the velocity of 
propagation of the flame, which multiplier is equal to 
the ratio of the surface area, which circumscribes the 
flame front, to the cross-section area of the tube, 
flame irom^ thß Reynolds. number, we do not 
use the normal flame velocity, ufi, but the velocity of 

- «B, w, then all of the Reynoldshnumbers, discussed 
atove?will increase by five to fifteen times, and the 
basic postulate, expressed in the study (8), to in 
the transformation of slow burning into detonation the 
Reynolds' numbers of the gas stream in fr0?*_°*J*e * 
flame always exceed the critical volume, will become 
eveS more convincing. Along the borderlines of the 
transformation of slow burning into detonation, tue 
numbers will not be equal to the critical volume, as 
was the case in the computations when, in the expres- 
sion for ?he Reynolds• numbers, the normal flame veloc- 
ity is substituted for the velocity of the gas, but 
the former numbers will also exceed the critical value 
by five to ten times.  In the result, without touching 
upon the problem of the limits of the transformation 
or slow boning into detonation, the basic Reduction 
may be made that in the transformation of slow burning 
into detonation the stream of unburned gas, on which 
the accelerating flame propagates, must always and un- 
avoidably become turbulent.  It is amazing that certain 
authors (9,10), while mentioning the error in the com- 
putation of the Reynolds' numbers in regard to the argu- 
men?s against the mechanism of transformation of slow 
ourning into detonation, which has the principal role 
in SSI process of turbulence, do not mention the fact 
that a correction of the error in the computation of 
thfReynolds' numbers of the gas stream m front of the 
flame aoes not lead to a weakening, but rather to a 
strengthening of the status of the ^eory of pre-deton- 
ational acceleration of burning, against which they ar- 

q SU6'  Thus, the stream of unburned gas in front of the 
I flame cannot but become turbulent, and having become tur- 
7 bulent, it cannot fail to accelerate burning. The accei 
I eraWon of burning, in its own turn, increases the vel- 
5 ocity of the stream and, consequently, the extent of 
1 the turbulent pulsations of the velocity, which will 
3    lead — when the length of the tube is sufficient --to 
2 a new gradual increase of velocity in the flame, as a 
1        Lresult S? which the burning will acquire self-accelera-J 

' 11 * 



n 
rti0n*     TVe fact that the Reynolds'   numbers of the 

tv,of 1-ii-phiilence nlays an important role in tne 
llTXtt^ZTlZtLlflon of ^rning      Another quite 

gas in the tube. unto ^ ±nneT 

face oxVÄ ?uhe] thus »£lng it coarseon £ .. 

burning into detonation are extended in te«^JenSSs 
sure  and compositxon of ^J^x™r^tin£ upon the trans- reoresents  the most potent way of acnng upou  uu 
Tolltllon of slow burning iniJO deJoiiatxon (11) . 

No other methods succeeds in bringing ™« £      f 
of origin of the  detonation inihe tube to the point ol 
°the°fglition of the  mixtjre  ^much as tbxa  -n^ac 
compliBhed^me™ of the coarseness o ^ ^^ 

«nlipa "       jnVe-election of hunnin^to _ 

sssn&'srs P| H  ibsV^^ä^nt of 
tion as a consequence of the fact ^"J^    inoreased 

lit» irL°repe?led xnof coarseness/aSTthe Sas in it 
I^tes    tsj ? Lre easily *^J ^Ä»^.^.- 
pelling takes place.    Thus rully 3 ^ already 

oeSenVsifficIen?^ -celer £4 af wher> a ^cie»^ 
T powerful wave of compnessxon ^^-^/«Lt    hut the 

1        L 
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r of ignition.  Thus, the long-known considerations con- , 
I  cerned with the role of the repulsion of the impact 
wave from obstacles in the process of the formation of 
the detonation must be taken into consideration in the 
examination of the last stage of the process of the 
formation of the detonation; but these considerations 
cannot be regarded as serious arguments opposed to the 
mechanism of the acceleration of burning, which mechan- 

- ism ascribes the principal role in the acceleration of 
burning,to the turbulence of gas in front of the flame, 
because these arguments do not have any relation to it 
at all. This becomes particularly clear if we remem- 
ber that flames in coarse tubes accelerate up to hun- 
dreds of meters per second even in gas mixtures incap- 
able of detonating (4), iß., in such mixtures which 
are not ignited by compression in the wave of impact and 
for which the contention that in coarse tubes the deton- 
ation occurs closer to the point of ignition due to the 
repulsion of the impact wave from the coarseness, does 
not have any meaning at all. 

In the light of all that has been said so far 
it is clear that the question of the accelerating effect 
of the movement of gas and, more precisely, of turbu- 
lence upon burning in the pre-detonational burning can- 
not occasion doubts. From the fact that the unburned 
gas in front of the slow-burning front, in the trans- 
formation into detonation, is always more turbulent, as 
well as from the fact that the coarseness of the tube 
walls, as pointed out above, exerts the most powerful 
accelerating influence upon the origin of the detonatim 
and upon the acceleration of the burning in general, 
we may deduce that the aerodynamic aactors are the most 
decisive ones in the process of the transformation of 
slow burning into detonation.  However, for a final 
iudgment of the mechanism of acceleration, it is nec- 
essary to examine, from the aerodynamic viewpoint, the 
basic regularities of this process and to compare the 
conclusions with the experimental material. 

^termination of the Distance between the Point 
"of Ignition and the Point of Origin of the 
Detonation 

The distance between the point of ignition and 
the point of origin of the detonation may be evaluated 
approximately for cases of ignition of the gas mixture 
at the closed end of the tube, as being the distance 

^within which the wave of impact in front of the piston j 

» 15 ' 



■',1 ris formed; the piston accelerates in confirmity with   , 
i the same law which in reality governs the acceleration 
of the flame. Because at equal velocities of the pis- 
ton and the flame, the velocity of the gas movement in 
front of the flame, is higher than the gas velocity in 
front of the flame, the distance from the point of ig- 
nition to the point of origin of the detonation, as 
determined in the ahove-noted approximation, will be 

• much shorter than in reality. However, in view of the 
fact that the distance from the point of ignition to 
the point of origin of the detonation is determined be- 
low with an exactness up to the precision of the cons- 
tant multiplier, this deviation is not substantial. 

In the general case, the impact wave m front 
of the accelerating piston, having formed itself in 
the cross-section of the tube corresponding to point 1 
in the area x-t (figure 2), gradually becomes stronger 
along the path between point 1 add point 2 through the 
waves of compression, which depart from the accelerat- 
ing piston and overtake the disruption front.  The 
strengthening of the wave in the area x-t is expressed 
by the change in the slope of line 1-2 in figure 2, 
which represents the circumvention of characteristics 
that depart from line OA, which depicts the path ol 
the piston. Generally speaking, the temperature and 
the pressure in the impact wave, formed from the dis- 
ruption at point 1 in the area x-t, may prove insuffi- 
cient for the initiation of the detonation of the gas 
mixture, and detonational ignition will occur only al- 
ter the strengthening of the impact wave, i.e., some- 
where on the line 1-2 in the same area (figure 2). 
However, it is further assumed, for the sake of simpli- 
city, that the detonation occurs as soon as the dis- 
ruption occurs, iß., at point 1 in the area x-t. 

The position of point 1 (figure 2) is deter- 
mined by coordinates x and t^: 

„2 
xl^ co /x(0), (9) 

t ^ c0 / x (0), (10) 

where c is the speed of sound in unexcited gas, 
x(0) is0the acceleration of the piston at the begin- 
ning of its movement (12).  The acceleration of the 
piston x(0), equal to an accepted approximation to the 
acceleration of the flame at the beginning of the pro- 
pagation, will be determined by the law of dependence 
ipf the flame velocity on the velocity of the movement of^l 

. 14, 
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gas.    The dependence of the  S™^1;?1^0?!^^03 

^f ^reSSS^jSS fhe reXationsM^^ 

where B is the constant jaltipU« oi^^^of^n- 

ity, v is the ^«^SSl^iS^v^ty, C is the 
pulsations, ug is Jüf J*°P£^ flrcount the increase in t 
Coefficient wSich takes into *£°^a™i8trlbution ^ 
the flame  surface due to the  irret t      of the tube, 
velocities of the   stream along the diameter o 
k is the degree of turbulence,-e*ualtok - v/w. 

The  inter-relationship  (11),   in the case 
weak turtuleSoe (v« vj  takes on the form: 

u„ ~ Ou_-(l+- B'*2w2/ u|)   . (12) 

^^^s^^fr^^^s^^ 
Up *>s Cv. 

in determining the  acceleration of the  flame 
xt »J«-««^ -i-Via-t-  from the moment  01  tne  ap it must l>e =onsidered ttat frou «^ ^^ ^ ^ 

pearanoe of the «locityj    j the lnfluenc? of 

SSlSSuSi.^ofS'tKStr.L.    which has the veloc- 
lty °f ^or'thfp^Sioh orthl^urhulSoe'f^ the 
rallsyof°?hf ?uhe°?uf to°all of its cross-sectxons. 
This time  is proportional  to 

D/v, (^ 
WhSre DTa5ing

eintoffiaccount a?)f(15), and (14) we 
shall gefanSacce?eration of the flame for cases of 
weak turbulence 3 3 

x (0)/v^—      57^ 

*     and for cases of strong turbulence 

2 i(OW Ck2w^ /p., (16)    j 
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r where w is the velocity of the unburned gas at the 
hPffinnihe of the acceleration of burning, beginning oi       ^ ^ closed end Qf the tube 

where the ignition of the gas mixture occurs, to the 
point of origin of the detonation, considering that 

w = C (TT- l)uH, proves to be proportional 

Xi_c2D/c\3(tr.1)3u2  __ weak turbulence  . 

x^c^D/C^OT-lA2 - strong turbulence. 

The greatest amount of material on the study of 
thp transformation of slow burning into detonation 
^!i=S?h the case, which is intermediate between 
?nf xtreme'casef ox La, and strong turbulence exam- 

rt  £"fr- ^e?n;nifthrcondit^n T^^leTt^s- 
f8rmed?nto      kC (Tr - 1 ) 2t 1 . (19) 
TtearinK in mind that for smooth tubes k ^0.05, for 
?hecolrse tubes k-0.1, and TT ^^^^Hf' 

fr^rÄ^ 
SlntVf o^Ä SSoS^^^SS^1?: con- 
sidered proportional to 

x^c^/cV (Tf-l)mu| ,      (20) 
where n is of the order of 2-4 and m is between 2 and 
3#    From the inter-relationship (20) and in agree- 
mpnt with experiment it follows that the distance from 
?hf r^oint Sf ignition to the point of the origin of the 

9     d^onatfonls^Soporticnal to the ^be diameter and in- 
8     ,Laqeo as the speed of sound increases. The distance 
7     L dee»»ee as ?he normal flame velocity increases as 
6      iis well-known from experiment.  In. ^^^^^^ed 

3     (withetheS?ncrease in coarseness of the tube)  Finally, 
3     the quantity xx decreases as the ratio , of the volume 
II 
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r of the products of burning to the initial volume of 
the mixture increases (with the increase ln-ff)- 

Formula (20) points to a strong dependence of 
the distance between the point of ignition and the 
point of origin of the detonation on the coefficient> 
C which dependence takes into account the increase in 
the flame velocity under the effect of irregular dis- 
tribution of the gas velocities m front of the flame 

- along the corrs-section of the tube. In smooth and 
coarse tubes the coefficient varies little in the pro- 
cess of the pre-detonational acceleration of burning; 
it does not increase and therefore, the distribution of 
velocities represents not the principal but a secondary 
factor determining the acceleration of the flame. How- 
ever, special cases are possible, in which the mechan- 
ism proposed by Zel'dovich is realized and in which the 
changes in the coefficient C, and consequently, the ef- 
fect'of the distribution of velocities on the veloci- 
ties of burning, can become determining factors m rne 
process of t^formation of the detonation.  The quan- 
tity C can be sharply increased by placing diaphragms 
at the beginning of the tube, through the openings of 
which the flame escapes far ahead, igniting great mass- 
es of gas add strongly increasing the surface, and, 
consequently, the velocity of burning. The powerful 
efflct of the diaphragms on the acceleration of burn- 
ing in tubes is well-known. The point of the origin of 
the detonation can be brought sharply closer to the 

■  point of ignition by placing it the beginning of the 
tune a »detonational case», i.e., a volume with part- 
itions, which almost completely overlaps the cross- 
section of the volume and increases the path of tne 
flame in it.  Burning is accelerated in the detonation- 
al else also to a considerable degree due to the great 
irregularity in the distribution of velocities. 

As follows from the facts described earlier the 
inter-relationship (20) well describes a large PJ** of 
the experiments.  Its shortcoming lies in that it does 
not provide in manifest form the dependence of juantx- 

9     ?y x, on the initial pressure of the gas mixture.  The 
8     experimental findings show that m a certain region of 
7     preist the distance x, contracts as pressure is in- 
6     erased to a certain limit, after which the action of 
s     rvrec^ure is either weakened or ceases altogether,  it 
1 lit  earlier snown (8) that in the area where pressure 
5     lets on the transformation of slow burning into deton- 
2 ation, the pre-detonational burning accelerates as the 
1   L pressure is increased.  This acceleration cannot be   J 
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rexDlained by the dependence of normal velocity on pres- 
sure! whichgives a reverse effect.  It remains to be 
Issumed that the increase of initial pressure wx in 
certain limits increases the turbulence of the mixture. 
The increase, within certain limits, of the Reynolds 
numbers of the gas stream in front of the accelerating 
?lSme may, in the non-stationary case under discussion, 
str~SLly facilitate the development of the turbulence. 

. SS it is interesting to note one peculiarity in the - 
process of the formation of the detonation, which is eas- 
ily explained from the viewpoint of the mechanism de- 
scribed of the transformation of slow burning to detona- 
tion,  in the majority of cases of the appearance of a 
delation, the ratio of the distance from the closed 
end of the tube, where the ignition of gas occurs up to 
She point of the detonation divided by the time elapsed 
fromme moment of ignition to the moment of the origin 
of the detonation is equal precisely to the speed of 
sound in the unexcited gas mixture.  From figure 2 it 
follows, obviously, that if the detonation originates 
at point 1 in area x-t (figure 2), where the circumven- 
tion^? characteristics 1-2 begins, then the mentioned 
relationship xn x t, is exactly equal to the speed of 
sound becauL point1! is situated on the first charact- 
eristic! x = c t, which goes through the beginning of 
tie  coordinated  In that case, when the detonation 
originates not at point 1, but somewhere on the line 
1-2Sbetween points 1 and 2, then the ratio of the dis- 
tance from the point of ignition up to the point of the 

' oSgin of the detonation divided by the time elapsed 
f^om ignition up to the moment of the origin of the de- 
tonation will exceed the speed of sound, c .  In this 
case, it is useful to take into a?00^*.™* J^tS the 
of the detonation between points 1 and 2 points to the 
fact that the temperature add the pressure of them, 
which originates at point 1 in the area x-t, are insuf- 
ficient for the detonational ignition of the gas. 

Not excluded are cases when the ratio of the ais 
tance from the point of ignition up to the point of the 

9    start of the detonation divided by the time elapsed 
8    from the moment of ignition up to the moment of the ori- 
7 gin of the detonation, will be lower than the speed of 
6    loSnd, c , but this always testifies to the fact that 
t the acceleration of the flame, which had effected the ap- 
l pearaSce of the disruption and of the impact wave, and 
\ had led to the formation of the detonation, began not 
I    immediately after the ignition of the mixture, but only 
I        tSr lomftime, in the course of which the flame was  J 
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8 
7 
6 
5 
if 

n 
moving without acceleration. .... .   ■, 

In conclusion, let us examine three additional 
possible cases of the transformation of slow burning 
into detonation. .       ;.«+.«„ 

a) The transformation of slow burning into deton- 
ation when the mixture is ignited at the open ofd of 
the tube. The first researchers into the detonation 
had established that when ignition is made at the open _ 
end of the tube, the flame initially moves at a cons- 
tant and comparatively low velocity, then the flame be- 
gins to vibrate and, finally, sufficiently far inside 
the tube it accelerates and passes into detonation.  11 
we place a wire spiral at the open end of the tube, a 
spiral which creates resistance to the stream of pro- 
ducts of burning flowing from the tube, then the accel- 
eration of burning occurs on a smaller path, and tne 
stage of vibrati.onal burning is absent. From the mere 
description of these facts it becomes clear that the 
acceleration of burning, when ignition occurs at the 
open end of the tube, comes about only when the un- 
burned gas in front of the flame picks up motion and 
acquires velocity inside the tube in the direction 
from the open to the closed end. As long as the pro- 
ducts of burning are freely flowing out through the 
open end of the tube, no acceleration occurs. Hamper- 
ing the flow of the products of burning by the spiral 
as they leave the tube facilitates the acceleration of 
burning, because it accelerates the movement of the un- 
burned gas. . , ■ 

b) The origin of the detonation m a short tube. 
When gas is ignited at the closed end of the short 
tube, the length of which is comparable to the length 
of the pre-detonational path of the flame, a substantial 
role is played by the repulsion of the waves of compres- 
sion from the closed end of the tube, which is opposite 
to the point of ignition (figure 5). 

Figure 5 
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In the short tube, as a result of the repulsion men-   ' 
tioned, the detonation can originate closer to the point 
of ignition than in the case of a long tube, other con- 
ditions being equal. Sometimes igntion occurs, when 
the wave is repulsed from the end of the tube, at a fair- 
ly considerable distance ahead of the front of the ex- 
panding flame.  It is clearly seen from the last example 
that the origin of the detonation at the very end of the 

■tube, where there is no acceleration of burning, does  — 
not at all contradict the aerodynamic nature of the ac- 
celeration of pre-detonational burning, as long as we 
do not forget that the formation of the impact wave is 
a result of the acceleration of burning in parts of the 
tube near the point of ignition and distantly removed 
from the point of the origin of the detonation, i^., 
in those parts of the tube in which exist the movement 
of the gas and the turbulence, necessary for the accel- 
eration of the flame. 

c) The effect of the shifting of burning on the 
formation of the detonation.  From the aerodynamic 
point of view, it is easy to explain the otherwise in- 
comprehensible effect of the small shift of ignition 
from the butt-end of the tube on the origin of the de- 
tonation.  It turns out that if the mixture is ignited 
not in the proximity of the butt-end of the tube, but 
several centimeters from it, then the detonation orig- 
inates considerably closer to the beginning of the tube 
than in cases of ignition directly at the butt-end of 
the tube.  It is easy to see that in this case, the in- 
itial speed of the movement of unburned gas gradually 
increases, which facilitates the acceleration of burn- 
ing, from the viewpoint elaborated earlier here. 

It must be noted in conclusion that the theory 
of the transformation of slow burning into detonation 
in tubes deserves attention in connection with the pro- 
blems of techniques of explosion safety and iin connect- 
ion with the necessity for a clear conception of the 
possible causes of the acceleration of burning to high 
speeds and the causes of the origin of impact waves in 
the burning of gas- and dust-air mixtures. 
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